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ABSTRACT 


The  UNCLE  Reynolds-averaged  Navier-Stokes  (RANS)  code  is  used 
to  investigate  free-surface  and  bottom  effects  on  an  a xisymmetric  radio- 
controlled  submarine  model.  It  is  shown  that  the  basin  bottom  and  water 
surface  have  small  but  noticeable  influences  on  the  hydrodynamic  vertical 
force  and  pitching  moment  on  the  body  for  typical  depths  of  submergence. 
The  influence  of  submergence  depth  and  speed  on  the  forces  and  moments 
is  analyzed.  It  is  shown  that  the  presence  of  the  water  surface  leads  to  ver¬ 
tical  velocities  near  the  stern  that  are  consistent  with  sternplane  deflections 
previously  found  necessary  to  keep  appended  models'  in  straight  and  level 
motion. 


ADMINISTRATIVE  INFORMATION 

This  investigation  was  sponsored  by  the  Naval  Sea  Systems  Command,  Code  PM0450, 
Task  Area  F1947  through  Work  Request  WR10453  dated  25  Oct  99,  under  work  unit 
number  1-5600-259.  The  work  was  performed  by  the  Hydromechanics  Directorate,  Code 
54,  Carderock  Division  Headquarters,  Naval  Surface  Warfare  Center  (NSWCCD). 

INTRODUCTION 

Radio-controlled  tests  of  submarine  models  (RCM  tests)  are  carried  out  at  Naval 
Surface  Warfare  Center,  Carderock  Division  (NSWCCD)  in  a  test  basin  with  a  water 
depth  of  20  feet  (6.096  meters).  It  has  been  noted  that  sternplane  deflections  are 
necessary  to  maintain  straight  and  level  motion.  The  amount  of  deflection  necessary 
depends  on  the  depth  of  the  model.  This  indicates  that  the  presence  of  the  basin  bottom 
and/or  the  free  water  surface  is  having  an  effect  on  the  model  performance.  A  similar 
effect  has  been  noted  in  near-surface  tests  of  the  Large  Scale  Vehicle  (LSV).1 

A  simplified  source  potential  flow  model  was  used  to  analyze  this  free  surface  effect.2 
From  that  study,  it  was  concluded  that  the  effect  is  predominantly  due  to  a  normal 
wash  on  the  sternplanes  which  results  from  the  hull/free-surface  interaction.  Recent 
advances  in  Reynolds-averaged  Navier-Stokes  (RANS)  equations  computational  solu¬ 
tion  techniques  now  allow  a  similar  analysis  with  fewer  approximations. 

The  current  study  assesses  free-surface  and  bottom  effects  on  the  vertical  force  and 
the  pitching  moment  of  an  axisymmetric  body  as  well  as  on  the  local  angle  of  attack  in 
the  stern  area.  The  scalably-parallel  UNCLE  Reynolds-averaged  Navier-Stokes  (RANS) 
code,  Release  1.2,  is  used.  This  software  has  been,  and  continues  to  be,  developed  at 
Miss.  State  Univ.  with  support  from  the  Office  of  Naval  Research.  An  earlier  version 
of  UNCLE  was  used  to  assess  bottom  effects  on  model  performance.3  For  models  with 
distances  from  the  basin  bottom  to  the  keel  ranging  from  7  model  diameters  to  0.7 
diameters,  it  was  found  that  the  hydrodynamic  coefficients  varied  less  than  10%.  The 
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addition  of  free-surface  boundary  conditions  in  this  recent  code  release  allows  free- 
surface  effects  to  be  assessed  as  well.  This  advance  also  makes  feasible  the  prediction 
of  submarine  maneuvering  performance  when  neither  viscous  nor  water  surface  effects 
can  be  neglected. 

BOUNDARY  CONDITIONS,  GRID  AND  FORCES 

The  UNCLE  code  requires  that  the  vertical  coordinate  be  Y  when  free  surface 
conditions  are  applied.  However,  in  recording  the  results  of  this  study  in  this  report  Z 
is  used  as  the  vertical  coordinate  to  conform  to  submarine  maneuvering  conventions. 

A  block-shaped  computational  region  is  defined.  An  upstream  boundary  is  one 
body  length  upstream  of  the  nose  ( X/L  =  —  1.0).  A  downstream  boundary  is  two 

body  lengths  downstream  from  the  stern  (X/L  =  3.0).  A  side  boundary  is  one  body 
length  from  the  centerplane  (Y/L  =  1.0).  UNCLE’s  characteristic  far-field  boundary 
conditions  are  applied  pn  these  three  boundaries.  At  the  centerplane,  above  and  below 
the  body,  ( Y/L  =  0.0)  symmetry  conditions  are  applied.  No-slip  wall  conditions  are 
applied  at  the  basin  bottom  (Z/L  =  -  0.8812).  However,  accurate  resolution  of  the 
boundary  layer  on  this  wall  is  not  attempted. 

Three  submergence  depths  are  considered  corresponding  to  distances  from  the  water 
surface  to  the  keel  of  7,  10  and  13  feet  (2.1336,  3.048,  and  3.9624  meters).  These 
correspond  to  distances  from  the  water  surface  to  the  body  centerline  of  about  2.9,  4.4 
and  5.9  body  diameters,  respectively.  Nonslip  wall  conditions  are  applied  on  the  hull 
surface  with  boundary  layer  resolution. 

The  undisturbed  water  surface  is  at  Z/L  =  0.0.  Inviscid  free-surface  conditions 
are  applied.  The  pressure  (dynamic  plus  hydrostatic)  is  atmospheric  (defined  to  be 
zero)  at  the  actual  water  level  Z  =  H .  The  height  H  is  computed  from  the  kinematic 
condition  that  there  be  no  flow  across  the  free  surface.  These  free-surface  conditions 
are  linearized  by  applying  them  at  Z  =  0.0  rather  that  at  Z  =  H.  This  linearization 
allows  all  computations  to  be  carried  out  on  a  fixed  grid.  Fully  nonlinear  computations 
with  grid  adjustment  can  be  carried  out  by  UNCLE  but  are  unnecessary  for  these  flows 
where  wave  slopes  are  quite  small  and  the  linearization  is  an  excellent  approximation. 

A  cross  section  of  the  grid  is  displayed  in  Figure  1.  Block  boundaries  are  shown  by 
thick  lines.  A  cylindrical  grid  near  the  body  is  imbedded  in  a  rectangular  grid  to  fit  the 
outer  boundaries.  There  are  about  2.85  million  grid  points  in  all,  divided  into  70  blocks 
for  parallel  processing.  This  is  a  rather  large  grid  for  half  of  an  axisymmetric  body 
but  extra  points  are  needed  to  conform  to  the  bottom  and  free-surface  boundaries,  to 
resolve  the  high-frequency  waves  that  are  present  on  the  water  surface  when  the  speed 
is  low,  and  to  obtain  accurate  integrated  force  values. 

The  grid  on  the  centerplane  is  displayed  in  Figure  2.  There  are  193  points  along  the 
body  in  the  streamwise  direction  and  65  wrapping  around  it.  Typical  boundary  layer 
spacing  is  present  on  the  body  surface  aiming  at  y+  =  1  for  the  first  grid  surface  off  the 
body.  Some  vertical  clustering  is  also  present  at  the  water  surface  and  basin  bottom. 
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Fig.  1.  A  typical  grid  cross  section. 

The  version  of  the  UNCLE  code  used  integrates  the  nondimensional  pressure  and 
viscous  stresses  per  unit  area  to  obtain  nondimensional  forces.  These  quantities  are 
multiplied  by  a  factor  of  two  to  obtain  the  usual  force  coefficients  ( X Y',  Z')  normalized 
by  pU2L2/ 2  and  moment  coefficients  ( K',M',N ')  normalized  by  pU2L3/ 2.  A  second 
factor  of  two  is  applied  to  account  for  the  forces  and  moments  on  the  half  of  the  hull 
that  is  not  present  in  the  symmetric  computation. 

RESULTS 


Body  in  an  infinite  fluid 

The  force  and  moment  coefficients  of  interest  are  rather  small  with  typical  values  on 
the  order  of  10-5.  Thus  it  is  necessary  that  the  computed  flow  solution  and  the  force 
integration  be  quite  accurate.  In  order  to  gain  confidence  that  the  code  and  the  grid 
can  be  used  to  predict  such  small  forces,  the  case  of  a  body  in  a  basin  of  infinite  vertical 
extent  is  first  computed.  The  grid  for  the  depth  of  10  feet  (3.048  meters)  is  employed 
and  farfield  boundary  conditions  are  applied  at  the  top  and  bottom  boundaries.  The 
vertical  force  and  pitching  moment  on  such  an  axisymmetric  body  will  be  zero.  The 
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Fig.  2.  Grid  in  the  centerplane. 


predicted  force  and  moment  will  represent  combined  error  due  to  the  code,  the  grid, 
and  the  farfield  conditions.  If  the  error  is  comparable  to  the  forces  and  moments  of 
interest  we  have  a  problem.  In  such  a  case,  unless  the  error  can  be  reduced  by  moving 
the  outer  boundaries  farther  away,  the  use  of  the  code  for  the  current  purpose  is  not 
possible. 

This  infinite  depth  case  is  run  with  Reynolds  number  (based  on  body  length  and 
speed)  of  Re  =  25.6  x  106  for  750  cycles  using  a  CFL  number  (computational  step 
size)  of  10.  The  force  and  moment  history  are  presented  in  Figure  3.  It  can  be  seen 
that  the  force  and  moment  converge  very  quickly  to  very  small  values  -  on  the  order 
of  10“7.  Thus  there  is  hope  that  the  current  grid  can  be  used  to  compute  forces  and 
moments  on  the  order  of  10-5. 

For  comparison  with  later  results,  the  predicted  pressure  coefficient  on  the  body 
and  on  the  centerplane  for  the  infinite  depth  case  is  presented  in  Figure  4.  To  the 
naked  eye,  the  Cp  distribution  appears  symmetric  vertically,  even  though  the  grid  is 
not  symmetric  because  the  body  is  somewhat  closer  to  the  top  farfield  boundary  than 
to  the  bottom  farfield  boundary. 

Depth  7 

Computations  are  carried  out  for  depth  7  with  free-surface  boundary  conditions  on 
the  upper  boundary  and  a  wall  condition  on  the  lower  boundary  with  Re  =  25.6  x  10  . 
This  corresponds  to  a  Froude  number  (Fr,  based  on  body  length  and  speed)  of  0.459. 
This  case  was  started  at  cycle  3000  from  a  previous  test  run  at  a  lower  speed.  The  force 
and  moment  convergence  histories  are  displayed  in  Figure  5.  They  indicate  convergence 
to  values  of  about  Z'  =  - 12.97  x  10"5  and  M'  —  —  6.09  x  10"5.  There  is  an  upward 
force  and  a  bow  down  pitching  moment. 


4 


Fig.  5.  Computed  force  and  moment  vs.  cycle  number  for  depth  7  and  Fr  =  0.459. 

The  predicted  waves  are  shown  in  Figure  6.  There  is  a  bow  wave  of  height  about 
0.002  boat  lengths  (about  0.022  diameters),  a  midship  trough  of  depth  about  0.006  boat 
lengths  centered  at  X/L  =  0.65,  a  lagging  stern  wave  of  height  about  0.006  centered 
at  X/L  =  1.35  and  a  trailing  wave  train.  The  theoretical  wavelength  of  about  1.3 
boat  lengths  for  this  Froude  number  is  well  represented. 

The  pressure  coefficient  on  the  hull  and  centerplane  is  displayed  in  Figure  7.  It  can 
be  seen  that  the  waves  lead  to  an  increased  pressure  near  the  bow,  associated  with  the 
bow  wave,  an  increased  pressure  at  the  stern,  associated  with  the  stern  wave,  and  a 
decreased  pressure  over  about  50%  of  the  body  beginning  at  about  X/L  =  0.3. 

Plots  of  the  pressure  coefficient  on  the  top  and  bottom  of  the  body  are  presented 
in  Figure  8.  Pressure  differences  result  from  the  fact  that  the  free-surface  effects  are 
greater  on  the  top  than  on  the  bottom  of  the  body.  These  differences  lead  to  downward 
force  on  roughly  the  first  30%  of  the  body,  an  upward  force  an  the  next  50%  and  then 
some  downward  force  on  the  remaining  20%.  The  effect  of  this  force  distribution  is  the 
net  upward  force  and  the  bow  down  pitching  moment  mentioned  above.  A  key  to  the 
magnitude  of  the  force  and  moment  is  that  the  speed  is  high  enough  that  the  waves 
are  shifted  somewhat  downstream,  that  the  effect  of  the  stern  wave  on  the  body  is  thus 
reduced,  and  that  the  effect  of  the  midship  trough  is  large  and  thus  dominates  so  much 
of  the  body,  particularly  downstream  of  the  center  of  gravity. 
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Fig.  6.  Computed  surface  wave  pattern  for  depth  7  and  Fr  =  0.459. 
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Fig.  7.  Computed  pressure  coefficient  on  the  hull  and  centerplane  for  depth 
7  and  Fr  =  0.459.  Also  shown  is  the  free  surface  deformation 
magnified  10  times. 
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Fig.  8.  Computed  pressure  coefficient  on  the  upper  and  lower  intersections 
of  the  body  with  the  centerplane  for  depth  7  and  Fr  =  0.459. 
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Fig.  9.  Computed  local  angle  of  attack  a0  in  the  horizontal  centerplane  for 
depth  7  and  Fr  =  0.459. 


The  local  angle  of  attack,  tan~1(w/u),  in  the  horizontal  centerplane  is  displayed  in 
Figures  9  and  10.  It  is  seen  that  there  is  a  downwash  near  the  bow  and  an  upwash 
near  the  stern  which  are  directly  connected  to  the  bow  and  stern  waves.  The  angle  of 
attack  reaches  values  of  around  1  degree  near  the  stern.  This  is  large  enough  to  account 
for  the  sternplane  deflections,  on  the  order  of  1  degree,  which  are  necessary  to  keep  the 
RCM  straight  and  level  when  near  the  water  surface. 

The  slower  speeds  of  interest,  for  depth  7,  are  computed  in  five  successive  runs, 
each  started  from  the  solution  for  the  next  higher  speed.  Each  case  is  run  for  750 
cycles.  The  force  and  moment  histories  are  presented  in  Figure  11.  It  is  seen  that 
the  forces  and  moments  converge  nicely  for  the  two  higher  speeds.  However,  for  lower 
speed  the  convergence  becomes  oscillatory.  In  fact,  for  Fr  =  0.077  (not  shown), 
large-amplitude,  high-frequency  waves  develop  on  the  water  surface  and  the  force  and 
moment  show  no  indication  of  convergence  after  750  iterations.  The  reason  for  the 
difficulties  in  computing  the  slower  speeds  is  the  existence  of  the  very  high  frequency 
(short  wavelength)  waves.  The  values  of  the  force  and  moment  computed  are  presented 
in  Table  1.  The  values  for  depth  7  at  Fr  =  0.077  are  obtained  from  the  double  model 
solution,  a  good  appoximation  as  discussed  below.  As  the  speed  decreases  the  force  and 
moment  for  depth  7  both  decrease  in  magnitude. 

The  computed  centerline  wave  profiles  for  these  four  speeds  are  presented  in  Figure 
12.  The  wave  amplitude  decreases  and  the  frequency  increases  as  the  speed  decreases. 
Also  shown  is  a  wave  profile  computed  from  a  double  model  solution  for  depth  7.  Such  a 
solution  is  obtained  by  applying  an  inviscid  wall  condition  at  the  water  surface  in  place 
of  the  free  surface  conditions.  It  is  known  that  the  free  surface  solution  approaches 
a  rigid  wall  solution  asymptotically  as  the  speed  approaches  zero.  In  addition,  the 
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Fr 

Z'x  105 

0.077 

-3.90 

-0.0965 

-0.636 

0.0084 

1.27 

0.0855 

0.153 

-3.96 

-0.0390 

-0.636 

0.0084 

1.27 

0.0855 

0.230 

-4.85 

-0.0960 

-1.07 

-0.017 

1.10 

0.12 

0.306 

-6.40 

-0.151 

-1.49 

-0.019 

0.96 

0.085 

0.383 

-9.96 

-1.12 

-2.49 

-0.175 

0.64 

0.036 

0.459 

-13.79 

-5.93 

-4.24 

-1.41 

-0.080 

-0.31 

Table  1.  Computed  vertical  forces  and  pitching  moments. 
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Fig.  11.  Computed  force  and  moment  histories  for  depth  7  and  four  speeds. 

free  surface  height  approaches  the  surface  pressure  P  multiplied  by  Fr2.  Indeed,  it 
is  noted  in  Figure  12  that  the  computed  wave  elevation  for  Fr  =  0.153  is  very  well 
approximated  by  such  an  estimate  from  the  double-model  solution.  This  means  that 
the  free-surface  effect  is  essentially  the  same  as  the  effect  of  a  wall  for  Fr  less  than  about 
0.15.  Thus,  the  magnitude  of  the  force  and  moment  decrease  as  the  waves  diminish 
with  decreasing  speed,  and  approach  asymptotically  the  force  and  moment  due  to  the 
presence  of  a  wall,  which  are  relatively  small  and  speed  independent.  Similarly  the  local 
angle  of  attack  distribution  in  the  horizontal  centerplane  is  shifted  and  diminished  with 
decreasing  speed. 

Depth  10 

Computations  are  carried  out  for  depth  10  at  four  speeds.  The  highest  speed  is  run 
first.  Each  case  is  computed  for  750  cycles  and  each  is  started  from  the  solution  for  the 
next  higher  speed.  CFL  =  10.0  is  used  for  the  three  highest  speeds  but  CFL  —  5.0 
is  used  for  Fr  =  0.230  in  an  attempt  to  suppress  the  high-frequency  oscillations 
noted  at  the  lower  speeds  for  depth  7.  The  force  and  moment  histories  are  presented 
in  Figure  13.  The  forces  and  moments  converge  quite  well  for  the  three  highest  speeds. 
For  Fr  =  0.230  oscillations  are  present  once  more.  Although  they  are  of  smaller 
amplitude  than  for  the  same  speed  at  depth  7,  they  are  only  slowly  decaying.  For 
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Fig.  12.  Computed  centerline  wave  profiles  for  depth  7  and  four  speeds 
compared  with  a  profile  obtained  from  a  double  model  solution. 


Fig.  13.  Computed  force  and  moment  histories  for  depth  10  and  four  speeds. 

Fr  =  0.153  and  Fr  =  0.077  the  computations  showed  no  sign  of  converging  during 
the  750  cycles  attempted.  Separate  computational  experiments  showed  that  converged 
free  surface  solutions  can  be  obtained  at  these  very  slow  speeds  but  they  must  be  run 
for  many  cycles  to  allow  the  high  frequency  disturbances  to  decay.  Fortunately  it  is  not 
necessary  to  compute  such  cases  due  to  the  accuracy  of  the  double  model  approximation. 

The  predicted  wave  pattern  for  Fr  =  0.459  is  shown  in  Figure  14.  The  same  color 
scale  is  used  as  in  Figure  6  so  that  a  direct  comparison  demonstrates  that  the  wave 
amplitude  in  this  case  is  much  lower  than  for  the  shallower  submergence.  Because  of 
the  lower  wave  heights,  the  local  angle  of  attack  distribution  is  diminished  in  amplitude. 

Centerplane  wave  profiles  for  the  four  speeds  are  compared  in  Figure  15.  It  is  seen 
that  for  this  submergence  the  double  model  solution  is  quite  good  already  at  Fr  —  0.23. 

Depth  13 

Computations  are  carried  out  for  depth  13  at  four  speeds.  The  highest  speed  is  run 
first.  Each  case  is  computed  for  750  cycles  with  CFL  =  10.0  and  each  is  started  from 
the  solution  for  the  next  higher  speed.  The  force  and  moment  histories  are  presented 
in  Figure  16.  The  forces  and  moments  converge  quite  well  for  all  four  speeds.  At  this 
deepest  submergence,  the  free-surface  effect  on  the  forces  is  seen  to  be  much  reduced, 
but  still  present.  It  can  also  be  noted  that  the  force  Z’  is  positive  because  of  the 
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Fig.  14.  Computed  surface  wave  pattern  for  depth  10  and  Fr  =  0.459. 
downward  attraction  to  the  tank  bottom. 

Centerplane  wave  profiles  for  the  six  speeds  are  compared  in  Figure  17.  For  this 
deep  submergence  the  largest  deviation  of  the  water  surface  from  its  undisturbed  level 
is  only  0.2%  of  the  body  length.  The  surface  elevation  for  Fr  =  0.230  is  once  again 
almost  identical  to  the  double  model  solution.  The  waves  in  Figure  17  are  remarkably 
similar  to  those  in  Figure  15. 

CONCLUSIONS 

The  effects  of  the  water  surface  and  the  bottom  of  a  basin  on  the  vertical  force 
and  pitching  moment  experienced  by  an  axisymmetric  radio  controlled  model  have 
been  analyzed  with  a  Reynolds-averaged  Navier-Stokes  code.  Computations  have  been 
carried  out  for  three  submergence  depths  and  6  speeds. 

The  predicted  force  and  moment  vs.  speed  for  three  submergence  depths  are  plotted 
in  Figures  18  and  19.  The  values  for  Fr  =  0.077  for  all  depths  and  for  Fr  =  0.153 
for  depths  10  and  13  are  from  double  model  solutions  because  this  approximation  is 
quite  accurate  for  low  speed  and  because  of  the  difficulty  encountered  in  obtaining 
free  surface  solutions  at  such  low  speeds.  Also  shown  are  values  computed  by  using  a 
potential  flow  code  with  free  surface  capability.* 

*Y.  Hong,  private  communication 
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Fig.  15.  Computed  centerline  wave  profiles  for  depth  10  and  four  speeds 
compared  with  a  profile  obtained  from  a  double  model  solution. 
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Fig.  16.  Computed  force  and  moment  histories  for  depth  13  and  four  speeds. 

Over  the  speed  range  considered,  there  is  an  attraction  of  the  body  toward  both  the 
water  surface  and  the  basin  bottom.  These  attractive  forces  depend  on  the  distances 
from  the  body  to  the  bottom  and  to  the  water  surface.  For  all  but  the  highest  speeds 
these  forces  are  relatively  small.  At  the  lowest  speeds  the  forces  become  essentially  speed 
independent.  In  the  low  speed  range  the  force  due  to  the  water  surface  is  essentially 
the  same  as  the  force  due  to  a  wall.  This  is  consistent  with  a  double  model  solution 
being  an  accurate  free-surface  solution  as  the  speed  approaches  zero.  That  this  accuracy 
becomes  excellent  at  the  lower  end  of  the  speed  range  has  been  confirmed  by  carrying 
out  double-model  computations  and  comparing  with  the  free-surface  computations. 

For  higher  speeds,  the  free-surface  effect  is  evident  in  Figure  18.  With  increasing 
speed  an  enhanced  attraction  toward  the  water  surface  is  noticeable  for  all  depths  and 
is  particularly  strong  for  depth  7.  The  reason  for  this  increased  vertical  force  is  the 
shift  of  the  surface  waves  downstream  relative  to  the  body  as  the  speed  increases.  This 
shift  results  in  a  modification  to  the  pressure  field  at  the  water  surface  which  extends 
to  the  body. 

The  pitching  moments  are  relatively  small  at  the  lower  speeds  (Figure  19).  This  is 
consistent  with  the  fore  and  aft  symmetry  and  the  small  amplitude  of  the  wave  pattern 
in  the  slow  speed  range.  As  the  waves  grow  and  shift  downstream  at  higher  speed  an 
increasing  bow-down  moment  is  predicted  at  all  depths.  This  coincides  with  a  lowering 
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Fig.  17.  Computed  centerline  wave  profiles  for  depth  13  and  four  speeds. 

of  the  pressure  on  much  of  the  aft  portion  of  the  upper  body  surface  due  to  the  large 
surface  trough. 

The  viscous  and  inviscid  results  show  some  differences.  The  predictions  of  the  RANS 
code  show  somewhat  more  attraction  toward  the  water  surface  and  larger  moments 
than  those  from  the  potential  flow.  The  forces  predicted  by  the  potential  flow  at 
the  two  higher  speeds  for  depth  7  deviate  from  the  smoother  pattern  of  the  RANS 
results.  Whether  these  differences  are  due  to  viscous  effects  is  difficult  to  conclude. 
Perhaps  some  of  the  differences  are  due  to  inaccuracies  in  one  or  both  of  the  solutions. 
Further  studies  would  need  to  be  done  to  assess  this  possibility.  It  might  be  supposed 
that  viscous  effects  would  be  quite  small.  The  free  surface  waves  are  an  essentially 
inviscid  phenomenon.  The  flow  at  the  stern  of  the  body  does  exhibit  strong  viscous 
effects  including  a  thi&c  boundary  layer  and  a  pressure  distribution  which  is  markedly 
different  from  that  of  potential  flow.  This  difference  in  pressure  distribution  is  vertically 
symmetric  and  therefore  does  not  directly  produce  any  vertical  force.  However,  it  could 
have  some  indirect  influence  on  the  force  if  it  significantly  effects  the  surface  wave 
pattern. 

The  forces  on  the  body  computed  here  are  not  sufficient  to  account  for  the  necessary 
sternplane  deflections  for  straight  and  level  motion  near  the  water  surface.  However, 
it  was  shown  that  for  depth  7  at  the  highest  speed  that  local  angles  of  attack  on 
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Fig.  18.  Computed  vertical  force  coefficient  vs.  Froude  number  for  various 
submergence  depths. 


the  order  of  1  degree  are  achieved  near  the  stern  in  the  horizontal  centerplane.  This 
upwash  is  comparable  to  the  1  degree  sternplane  deflections  needed  to  keep  the  RCM 
in  straight  and  level  motion  at  similar  depths.  The  local  angles  of  attack  diminish 
with  decreasing  speed  and  with  increasing  depth  of  submergence  as  do  the  necessary 
sternplane  deflections. 
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Fig.  19.  Computed  pitching  moment  coefficient  vs.  Froude  number  for 
various  submergence  depths. 
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